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AS MUCH INFORMATION AS POSSIBLE. 




! 

o 


lO 

CO 

i 

w 

CO 

Q 

S 

Q 


eo 

I 

iM 

t- 


H 

Q 


W 

O 

O 

w 

Q 

<; 

w 

o 

i— < 

CO 

Q 

S 

< 


t> 

cq 

a> 


I 

CO 

o 

03 

d 

o 

O 


<N 

t> 

CD 


CQ 

3) 

d 

< 


o 

fx< 

<D 

cj 

a. 

0) 

Vi 

p< 


d 

o 

•p^ 

d 

Vc 

m 

•1-4 

d 

••*4 

a 

T3 

< 

<D 

O 

d 

P- 

CO 

"O 

d 

d 

CQ 

0 

•w 

1 

d 

o 

Vi 

(0 

C 

"d 

d 

•2 

d 

25 


Vi 

0) 

0 

O CQ 
d 

4 h X 
d 

O g“ 

Q, ■‘^ 
^ § 

TJ 5 
<o Hi 


- . sa 

at 

4-> 

CO 

bQ 

d 

•••4 

u 

<D 

0) 

d 

•p-4 

>> d 

m w 


0 

Vi 

d 

cu 

0 

u 

(k 


s 


d 

o 

•-4 

4-> 

d 

Vi 

o 

& 


s 

Vi 

0 

I 

d 

a* 



'X 




fl 



^ - • 


s 


§ 


1 

ci 

2 § 

B 


£> 


i 

CD 

CQ 

;$ 

iM 

4-» 

o 

a 

u 

& 

o 

O 

<C 

CO 

<3 

d 

"O 

<D 

c5 

a 

Q> 

P 

a 

QQ 

cd 

o 

0 

1 

w 

CQ 

H 


ia 

I 

<D 

H 

C 

(O 

C 

0) 

a 

m 

o 

0 

1 

ncj 

•s 


o 

0 

1 

cd 

w 

8) 

•f -4 

CQ 

0) 

Q 

CJ 

.S' 

cd 

o 

w 

CJ 

<+-l 

o 

d 

o 

•»^ 

cd 

U 


I 


m 

cd 

g 

H 

la 

o 

QQ 

d 

o 

W 

o 

<D 

O 


Cd 

fH 

o 

o 

o 

cd 

CL 

CQ 


CD 

.2 

g 

cd 


u 

Q 

§ 

u 

<D 

bD 

cd 

d 

cd 

a 

cd 

Cl 

bfl 

O 

P< 

CQ 

Cd 

bC 

B 

t 

CD 

m 

tJ 

CD 

d 

CD 

•*«4 

PQ 


o « 

be U 
(3 O 


& i 

f-S »*-« 


o 

c< 

CD 

•d d 


O 

d 
bD 
•1^ 

OQ 
O 

s 

•a 
.a 

c 

B 

u 
P4 

OQ 
Cd 

o 
3 


Cd 

p 

5; 


& 


o 


s 


I 

A 

d) 

r— I 

td 

> 


•§ -2 

Cd d 


o 

(D 


<D 

O 


§ 


CD 

U 


QQ 

0) 

I 

a 

I 

I 

a 

.o 


d 

a 

•4^ 

d 

o 

o 

(H 

o 

"c? 

a 


'd 

<D 

•r^ 

> 

o 

f-i 

a. 

cd 

V 


^ cd 

O Cl 

'S ^ 

cd • 

(k ^ 

a 5 

s g 

a . 

t g 

2 

Pi 


Ni 

o 


CD 

U 

cd 

CQ 


cd 

•3 

O 

CD 

CL 

CQ 


O 

o 

w 

CD 

•d 


& 

cd 

I 

o 

cd 


CD 

d 

a 

p 


^ S *8 

§ 

o 'td 

f-4 

cd 

w 


i 


cd 

B 

CD 

.h 

“S 

o 

CD 


$-1 

Cd 

o 

d 

73 

CD 


'd 


73 

CD 

'O 

I 


••->4 

CQ 


d 

o 

o 

«— I 

'Si 

(>4 

CD 

> 

O 

CD 

:S 

bO 

d 

••-< 

d 

CQ 

§ 




CQ 

CD 

I 

73 

d 

cd 

CQ 

CD 

u 


CD 


73 

CD 

U 

Cd 

a 

CD 

u 

Qu 

I 


73 O rt 

§ I I 

•- I 

S m N 


t;i 

CD 

« 

W 

cd 


CQ 

u 

CD 

d 

73 


O 

u 

o 

73 

c 

CD 

xi 

H 


& 

u 

o 

CQ 


QQ 

CD 

> 


0) 

o 

d 

cd 

a 

a 

u 

o 

Q* 

<D 

73 

O 

CL 

O 

'S 

> 

CD 

73 

C 


CD 

"bb 

a 

cd 

CL 

CO 


C{ 

C) 

■0 




P4 

CQI 

p 

« 

o 

H 


CQ 

.n 


o 

r~4 

•§ 
r- I 

•t -4 

Cd 

CD 

.a 

o 

o 

o 

x> 

cd 

4-» 

cd 

73 

§ 


*v. C 


O 

.CQ 

Cd 

Xi 

73 

CD 

3 

CD 

a 

CQ 

CD 


> 

CO 

•»-l 


CQ 


S 

•p4 . 


B 

T3 

I 


"d 

o 

CQ 

m -4 

> 

0 

u 

1 

g 


cd 

CL 


o 

§ 

• 1-4 

4-4 

d 

o 

o 


CD 

#— I 

CL 

Cd 

o 


CD 

QQ 

CQ 

Cd 

"3 


cd 

CD 


O 


i 

o 

CD 

§ 

d 

"B 

d 

o 

X 


u 

cd 

Cl 


a 

a 

o 


§ 

CD 

X 


CQ 

CD 

a 

X 

bO 

.a 

i 

(D ‘ 

a 

'2 

cd 

73 

§ 

4^ 

CO 

u 

.2 

73 

CD 

•S 

d 

d 

CL 


u 

cd 

PM 


1—4 

CD 

4-> 

Cd 

u 

cd 

PL 

Q 

CQ 


0 

42 

CD 

U 

cd 

CQ 

1 

a 

CO 

CD 

CQ 

, d 

a 

Cd 

bO 

O 

U 

U* 

U 

0 

1 

8 

CD 

45 

H 


V ' 


CD 


1 

O 

4-> 

0) 

o 

d 

o 

2 
CD 
> 
d 
o 
o 

cd 


TABLE OF CONTENTS 


(N 

I 


(M lo 00 

i I I I I 


O <£> 
tH tH 
1 1 


1Hr^COlClO<X)I>E>cX)OOCOl>r^»HCO'^CDCOT^^CDt^CO 

TH1H'^OOr^r^r^r^1Hr^r^r^1Hr^C<^C^^COCOCOOOCOTi*i'^^Tt^u:) 

> 1 1 I I i I 1 1 I 1 I I 1 I I I i 1 I ( I I 


« 

W 

CO 

C3 

W 

Q S 
§ g 

W W 


pcj 

O 

P>^ 


E-« 

O 

'A 


§ 

Q 

P 

Q 

O 

CJ 

Eh 


o 

•»*4 

ca 

u 

<D 


cc 

CD 


a 

o o “ 
CO a 

a W Ph Eh 


m 

o 

bfi 

g 

tf 

bu 

.s 

0 

9^ 


O < 


0 

1 

§ 

K 

o 

« i 
I « 

S <i> 
u B 

Ph O 
<; 2 


CQ 

0 

•rt 

E-i 

§ 

•»-l 

CQ 

0 . 

> 

0 

O 

o 

XJ 

§ 

CQ 

•a 

p 


OrHCacO'^mCDI> 


§ 

w 

a 

Eh 

W 

a 


h-< 

Qj O 

^ r3 
E-i XJ 

< 2 

w ^ 


m 

0 

O 

•i~< 

0 

X5 

•iH 

CQ 

f3 

O 

O 

p.«i 

c3 

§ 

a 

§ 


•l-( 

•fH 

P 

<l> 


I 

d A 

LJ ^ 

CQ ^ 
ta 

0 cd 

0 U 

Ph o 


*3 

o' 


0 

rfi 


0 


cd 


0 

0 
m 

. . CQ 
0 

cd U 

o a 


O r-t <M CO 

• • • « • 

H Eh Eh Eh H 


c 

0 

cd 

a 

0 

u 

0 

W 

0 

0 

u 

0i 

0 

13 

o 

o 

0 


X3 

•M 

0 

cr 

a 

0 




• 


• 

• 

• 

• 

• 

• 



• 




• 


u 

o 

• 

• 

• 

• 

• 



• 






o 




• 




• 






cd 












• 


li. 

• 

• 

• 

• 

• 



• 




• 

• 


•M 

4 p 

•fP 

• 

• 

• 

• 

« 

• 

• 

• 

• 



• 

• 







• 

• 

♦ 

* 

* 



• 



u 

o 

cu 

cd 

> 


0 

,43 


0 

0 

o 

u 


X3 

o 

> M 


r-t Cvi 

• • 

• • 

Eh Eh 


0 

u 

0 

CQ rH 

0 • 
0 IC 

U • 

9i Eh 


UQ 

« 

£h 


xa 

o 
0 

^ la 
o ^ 

a 

0 
43 


.a - 


0 
*4P 

§ 
S 

2-0 


0 

0 


0 

0 

0 

U 

a 

3 

o 

O 


X3 
cd X? 

§ i 


i- 

> a 


cd 

Q 

ti 

a 

0 

§ 

;-f 

Eh 

Cd 

0 

a 

X5 


0 
IM 

O 
0 
0 

a g 

s ^ 

0 0 
3d :::< 


0 ^ 
0 

CQ , 
0 

ft 


o 

a 

cd 

g. 

Q 


<M CO 

« • 

lO to 

• « 

Eh Eh 


0 

tS 


CQ 

0 

O 

u 

o 

l4J 


>i cd 

x:^ 0 
o tn 

cd 

^ tH 


ti 

o 

a 

0 

g 

u 

Eh 


o 

cd 

8 

*cd 

0 

§ 


j. .r-l 

to Q, 

♦ cd 

ft O 


CO 

ft 


^1 

O 0 

ts .2 

c« ti 

% S 

as 


o 

ft 

X5 

•0 

0 

o 


0 

§ 


P 

tJ 

0 
o, 

CQ 

1 

Eh 


O ffi O 


fl 

•fp 

P 

o 

. I 

Cd ca 


OJ CO 

• • • 

CO CD CO 

• « • 

ft ft ft 


a 

u 

0 


a 

•fp *ip 

a 

rt 13 

a S 

W Li 

p-> cd 

^ 0 

ft a 

cd 

u 


rH <M CO 


Sh 


0 

cd 

O 

43 

4P 

bQ 


I ^ 

§,w 

o 


0 
0 

a . . 
v:* ft 
ft ^ 


o 

o 


u 

0 

0 

I 

0 

O 


ft 

cd 
0 
V.W 

0^' v*« 
0 ^ 


0 

S 

O 

§ .. 

o 


•& 

O 

o 

Pm 


0 


ft .s ^ 

s &■§ 

•' .5 ’S 

^ cd 


a 

0 

0 

O' 

•»p 

M 

§ 


>' § 
tM 

° § 

CQ Q 


0) P, 
2 W 
o 
> 


u 2. % 

a-g o 

cd cd 

> 


O 


o i> cd 

• * 0 

ft ft a 


t> 

ft 


00 o 

• • 

ft ft 


X5 

15 0 


0 

O 


^ 6 


0 


^ *2 
o ^ 


> 

Pm 

0 

0 


U 

0 

a 

s 


b< Jf> S 


^ s 

a E-{ 

a ^ 

-S o. 

00 ^ 

X5 
0 


V 


S a 

P 


' Cd 
0 
a 

0 

o 

s 

M-> 

0 

.'O 

PI 

o 

o 

0 


tH 03 CO 

•rP • • • ♦ 

?M C5 Oi 05 05 

cd • • • • 

> Eh H Eh H 


^ I 


u 

•fp 

*6 r ^ 

g <D ® 

S CQ CQ 

P Q) 0) 

P5 Ph 

I §)& 

•* <3 oJ 

.2 ^ ^ 

tu 


0 

CO 




w 
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(Mechanical Feedback — Electrical Feedback) 
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Variable Conductance Heat Pipe Analysis (VCHPA) • • • 




la 1944, Gaugler (2) patented a lightweight heat transfer device which was 
essentially the present heat pipe. However, the technology of that period presented no 
clear need for such a device and it lay dormant for two decades. The idea was resur- 


a 


c 

(D 


u 

<x> 

> 

o 

u 

o 


a " 


u 

Eh 

sd 

o 

CQ 

<D 

bX) 

bO 

CQ 

CQ 

OQ 

U 


G 

d 


0) 

o 

d 

& 

CQ 

Q> 

X 


d 

d 

o 

d 

ca 

d 


CO 

o 

ca 

d 


d 


X 

d 

o 


o 

U d 
O. O 


CU 

O- 

d 

d 

d 

cu 


d 

^ O 


a a 


o 

<D 

S 

o 

o 


T3 

<D 

O 

<D 

U 


U 

§ 

T3 

d 

d 

cq 

CD 

oa 


I 

d 

o 

o 

o 

T3 

0 

0 

> 

O 

O 

OQ 

T3 

0 

U 

C 

d 

o 

'd 

hA 

o 

3 

0 

o 

CO 

W 

o 


d 


ra 

o 

0 


ss 

0 

u 

0 

0 

1 

o 

0 

0 


o 

d 

rd 

O 

0 

CQ 


"D 

0 

> 

O 

U 

P4 

CQ 

d 

m 

d 

0 

a 

d 


0 


d 

rd 

OQ 

0 

a 


o 

Pu 


d 

XI 

d 

d 

CO 

CD 

Oi 

r-i 

0 

d 


2 d 


d 

o 

CQ 

d 

o 

d 


d 

U 

O 

o 


0 

5 

0 

d 

d 

tn 

bO 

.2 

d 

0 

0 

d 


d .d 


d 


a 

0 

0 


rd 


d 

rd 

•d 

0 

d 

OQ 

d 

d 

d 


0 

P4 


d 

X 

0 

a 

d 

d 

0 

rd 

d 

d 

•»-* 

o 

0 

o 

CQ 

r-H 

d 

d 

0 

> 

O 

U 

O 


d 

rd 

«r-l 

d 

0 

0 

0 

X 

0 


d >> 

bc ^ 
ci d 
0) 0 

0 bQ 


CQ 

•wM 

bQ 

0 

d 

CQ 

d 

0 

d 

d 

0 

d 

d 

bQ 

0 

u 

0 

rQ 

a 

0 

0- 


d 

0 

rd 

d 


0 

CQ 

d 

tM 

o 

0 

d 

d 

d 

a 

0 


0 

d 

d 

d 

o 

0 

73 

a 

d 

0 

3 

d 

bO 

.3 

rd 

i-H 

d 

••“4 

0 

d 

2 

d 

o 


d 
0 
r— 4 

d 

> 

*r-4 

d 

0 

CQ 

••--I 

rd 

0 

rd 


d 

d 

d 

d 

d 

Ed 

bJ3 

.3 

ri^ 

U 

o 

0 


05 

d 

0 

d 

d 

0 

CQ 

d 

40 

:d 

d 

rO 

0 

> 

O 

U 

O 

•6 

•r-i 

f 

CJ 

Pu 

•rH 

a 

4.> 

d 

0 

rd 

40 

CQ 

u 


0 

rd 

H 


0 

3 

rd 

40 

o 


o 

o 


d 


d 

0 

Cu 

O 

U 

o 

<+-l 

0 


d 

0 

rd 


•i-l 

d 

0 

CQ 

1 

d 

d 

cr 


d 

40 

* d 
O 
.d 

CQ 

d 

0 

o 

o 

C4-4 

CQ 

d 

3: 


1 

ri4 

u 

o 


d 

a 

r^ 

0 

u 

o 

ir~4 

Q* 

X 

0 

d 

o 

o 

CQ 

0 

u 

0 

CQ 

0 


bQ 

0 

U 

0 

U 

d 

t5 

0 

a 


d 

0 

I 

d 


0 

u 

d 

40 

d 

d 

0 

0 

40 

bQ 


d 

0 

o- 

o 

r— I 
0 
> 
0 
d 

0 

d 

0 

Q, 


^ v-<l 

a ^ 

•d 


d 

0 

rd 

. o 

•f>4 

d 

0 

bQ 

O 


<4H 

0 

rd 


d 

rd 

40 

CO 

CD 

05 




I 

o 

d 

CQ 

d 




0 

r»>4 

0 

rd 


CQ 

U 

0 


0 

0 

U 

o 


d 

0 

CQ 

U 

0 

40 

d 

Ai 

1 

40 

'S 

>5 

U 

O 

40 

d 

o 

■i 

O 

o 

2 

d 


rd 

•r-4 

r^ 

P4 

0 

O 


< 

0 

3 

d 

>1-1 

CQ 

d 

n: 

r^ 


d 

0 

w 

d 

0 


d 

o 

U 

0 

u 

d 

*d 

0 

PU 

E 

0 

E:< 

u 

o 

0 

0 

d 

d 

0 

d 

d 

d 

o 

o 

0 

^'d 

d 

> 

d 

o 

40 

a 

0 

o 

d 

8 

0 

rd 

tn 


1—4 >> 


CD^ 

05 

r-l 

^4 

0 

'S 

40 

o 

O 

d 

ts 

d 

d 

o 

d 
0 
>•-4 
I— 4 

a 

Pu 

d 

”a 

0 

40 

d 

04 

d 


d 

d 


0 

13 


y) .2 

d 
0 

a 


u 

o 

CQ 

d 

0 

> 

O 

O 


s ^ 

d 
o 

rd 
0 


0 
d 

0 
d 
bC 

bQ 

.3 
0 
d 
0 

Ph ^ 

C g 

° s 


cj 

a 

d 

0 

a 

u 

0 

0 

0 

d 

40 

0 

u 


0 

S3 

0 

0 

a 

I 

o 


rO d 


0 

0 

d 

W 


0 

d 

0 

a 

♦1^ 

P^ 


0 

> 

0 

o 

S 


0 

o 

id 

d 

40 

0 

d 

■§ 


■i 6 


O 

d 


0 


a 

« u 


0 

0 

d 

d 

40 

o 

d 

'§ 

o 

o 


•d 

>r4 

d 

d 

> 

bQ 

d 

> 

0 

>1-4 

•8 

d 

«a 

0 

0 

d 

d 

0 

3 

a 

»-( 

0 

0 


d 

o 

d 

0 

•W 

rH 

-§ 

P- 


d 

> 


o 

d 

0 

40 

d 

8 

& 

o 

0 

rd 

40 

0 

5 
0 

d 

0 

>> 

40 

0 

6 
0 
0 

0 


d 

0 

N 


d 

3 

u 

0 

3 

d 

d 

40 

d 

d 

d 


0 

U 

w 

d 

40 

u 

0 

d 

0 

PQ 

o 

40 

o 

d 

d 

0 

0 

d 

d 

> 

d 

d 


d 

0 

d 

bJD 

0 

d 

0 

0 

Oi 


0 

d 

0 

D- 


d 

0 

rd 


' d 

«4-l 

o 

d 

o 

•r-4 

40 

d 

d 

40 

0 

d 

o 

3 

0 

d 


a 


o 

0 

0 

u 


d 

0 


I 

13 


0 

d 


O 

U 

0 

CS3 

40 

0 

U 


0 

rd 


CD 

05 


ID 

u 

d 

O 


0 

«r4 

rd 


d 

0 

••H 

0 

CQ 

o 

a 

d 


^ < 


d 

d 

0 

0 

0 

d 

a 

0 


>4 

o 

40 

d 
p 

o 

•8 - 
0 

o .2 

S 


d 

a 

d 

rd 


0 

o 

0 


0 

0 

0 

d 

>•-4 

bC 

d 

0 


§* 

o 

B 

d 

d 

0 

40 

0 

d 

d 

d 

o 

o 


0 

0 

rd 

3 

n 

•r-4 

0 

rd 

40 

0 


d 

o 

u 

0 

> 

o 

40 

d 

0 

a 

<r4 

0 

Pi 

8 

a 

oQ 

>i>4 

a 

0 

0 

0 

0 

0 

d 

0 

40 

0 

u 





designers had for using this new technology to solve the ever-present temperature 
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Figure I-l. 

The vapor pressure drop between the evaporator and the condenser is vei 
small; and, therefore, the boiling-condensing cycle is essentially an isothermal pro- 
cess. Furthermore, the temperature losses between the heat source and the vapor 



curvature of the fluid surfaces in the capillary pores in the evaporator and condenser 
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The following values for ph3'sical constants and conversion factors are taken 
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Table 1-2. Common Units of the International Scientific System 
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Table 1-3. Prefixes Used to Indicate Multiples and Submultiples of SI Units 







Stefan-Boltzmann constant (f 5. 66961 



The follo\ving tables give conversion factors from some common cgs and 
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Table 1.4. Conversion from Ces or EnErineerinfr Units to SI Units 


































































Table 1.5. Conversion from SI Units to Cgs or Engineering Units 




























HEAT PIPE THEORY 



The priaciple of operation of a heat pipe is best described by using the 
simple cylindrical geometry shown in Figure T-1. The essential components of a 


heat pipe are the sealed container, a wick, and a suitable working fluid which is in 
equilibrium with its own vapor. When heat is applied along one section of the pipe 
(evaporator), the local temperature is raised slightly and part of the working fluid 
evaporates. Because of the saturation condition this temperature difference results 



nisei of the liquid-vapor interface which are highly curved. On the other hand, 




Figure T-1. Schematic Diagram of the Principle 
of Operation of a Heat Pipe 
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flow requirement. As with every thermodynamic cycle a finite temperature difference 
must exist between heat source and heat sink; that is, heat rejection must occur at a 



tion of the location. In order to maintain the pressure balance between liquid and vapor, 
the interface separating them must be curved. Any curved liquid-vapor interface cre- 
ates a pressure difference which can be expressed in terms of the surface tension and 
the principal radii of curvature R and R^ of the interface as given in Equations T-1 



vary along the heat pipe. If the interface is concave with respect to the vapor, the 
piessure in the liquid will be lower than the pressure in the vapor. 




Figure T-3. Model of Heat Pipe Hydrodyuamics 



The function of the v/ick in a heat pipe is to provide a medium for establish- 
ing curved interfaces between liquid and vapor. It must be emphasized that the inter- 
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For a heat pipe with one-dimensional liquid and vapor flow, the gradients 
are given m Equations T-4 and T-5 in terms of their axial and perpendicular components. 
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For example, „ a heat pipe with a multitude ol evaporators and condensers, one might 



arbitrarily choose one end of the pipe as the origin of the coordinate system. All 
hydrodynamic equations are actually independent of the choice of the coordinate sys- 



The pressure gradients give rise to mass transfer along the heat pipe. The 
two axial mass-flow rates, m and m, are related through the continuity equation: 


Equation T-6 simply states that during steady-state operation mass accumulation doe 
not occur and vapor and liquid flow rates must be equal in magnitude but opposite in 
direction. 



justified because of the very small temperature differences along the heat pipe. In the 




With few exceptions, the wicks employed in heat pipes have no well defined pore geo- 
metries. Therefore, it is common practice to define an effective pore radius which is 
determined experimentally and v/hich satisfies Equation T-9. 


For some well defined pore geometries analytical expressions for the effec- 
tive pore radius can be found. For circular pores, the meniscus is spherical and the 

two principal radii of curvature of the surface are equal. Referring to Figure T-4 we 
have: 
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Figure T-5. Effective Pore Radius in Open Groove 




In long, open chaimels one of the principal radii is infinite. Using Figure 



If we compare Equations T-14 with T-9 (along with the Identity T-8), we see that the 
effective pore radius of a rectangular groove is equal to the groove width while for 



served usually indicates the pi'esence of adsorbed impurities on the surface, which is 
generally more difficult to clean than the working fluid. 




The point of pressure equality in liquid and vapor represents a well-defined 
boundary condition for the integration of the flow equations. Frequently it is located at 
the end of the condenser of the heat pipe. In the presence of body forces and with com- 
plicated heat pipe geometries or distributed heat loads, this will not necessarily be the 


case and a careful analysis is required to determine its location. This subject will be 
discussed in more detail in conjunction with the integration of the flovt? equations. 



pressible liquid with laminar flow through a porous media is given directly by Darcy’s 



T-15 



fined expressions are given in Chapter W. 


r cylindrical passages with diameter D Equation T-17 yields for the 



T-12 



The equation holds rigorously for parallel cylindrical capillaries having a tortuosity 
factor of b = 8. Much of the wick data in the literature is reported in terms of the 
parameters b, e , and r^. However, since all three of these parameters are subject 
to various definitions for different wicks, it is better to use Darcy's Law and lump all 
of the experimental determinations into one factor, the permeability, K. 
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Figure T-6. Body Force Components in Gravity Field 



resulting from acceleration due to rotation. Its vector is directed in a radial direction 
from the axis of rotation and its magnitude is: 
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Since the vapor passages are- generally of a simpler geometry than those of the liquid, 
the concept of the '^hydraulic diameter" is especially useful. Substituting the hydraulic 
diameter for the permeability in Equation T-16 the pressure gradient in the vtipor 
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The theory of body forces acting upon the vapor is identical to that of the 
liquid. However, because of the large difference in density between liquid and vapor 
(usually of the order of 10^) the effect of body forces in the vapor is always negligible. 



Capillary Heat Transport Limit 
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involved. The follovv'ing approach will always lead to the correct capillary limit and 
can readily be reduced to a closed form for specific geometries. 
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The interfacial pressure difference becomes: 
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The preceding equations express the capillary pumping requirement in 
terms of integrated pressure gradients within liquid and vapor. These pressure gra- 
dients are related to the corresponding mass flow rates and the body forces (Sections 
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The theory as presented so far does not include the effects of perpendicular 
components of the body forces. Since the hydrodynamic model is one-dimensional, per- 
pendicular body forces do not affect the axial pressure gradient. The perpendicular body 



forces, however, create a pressure gradient within the liquid which is perpendicular to 
the flow direction. Referring to Equation T-23, this pressure eradient is: 
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This pressure difference creates an additional capillarj’’ pumping require- 
ment. The wick must be capable of supporting the interfacial pressure difference be- 


tween any two locations within the heat pipe (including those at different vertical posi- 
tions). The da.tum point of equal pressure' in liquid and vapor will always be located at 
the lower liquid-vapor interface of the heat pipe (x = x', y = 0 + t^). Conservatively, 
we locate it at the bottom of the heat pipe (y = 0). The point of maximum interfacial 
pressure difference exists at x = x", y = D. The additional interfaoial pressure differ- 



Most heat pipes are operated very nearly in the horizontal position. The value of the 



cosine is close to unity and the additional pumping requirement is approximately 
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The left side of Equation T-51 represents the heat transport requirement; i. e. , the 
axial distribution of heat flow rates. The right side of Equation T-51 describes the 
capabilit}' of the heat pipe to meet these requirements for a specified orientation. 
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The Heat Transport Capability Factor (QL) is given by: 
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(/5< 0, evaporator above condenser). Additional requirements necessary to perform 
a closed form solution are laminar flow in the liquid and the vapor and negligible 
momentum pressure gradients. Although the requirements of laminar flow and ab- 
sence of momentum effects appear restrictive, good design practices usually avoid 
these regimes altogether. (Special modes of opex’ation such as the start-up transients 
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The following abbreviations have been used in Equation T-61: 
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It is important to note that the definition for the effective heat pipe length (Equation 
T-69) applies only for the special case of uniform heat input and heat output. For 
non-uniform heat distributions' the integral of Q dx in Equation T-66 must be solved 
in order to obtain an applicable effective length to be used in Equations T-70 or T-71. 



If Equation. T- 70 is compared with Equation T-66, it is seen that 
represents the Heat Transport Factor QL. Thus for the special case for this conven- 
tional heat pipe: 
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where the sonic velocity v is given by the familiar equation: 



At the sonic limit, the mass flow rate per unit area and the corresponding axial heat 
flux are characteristic for every working fluid and are only a function of temperature. 
The limiting axial heat flux has, therefore, been included as a fluid property in 
Chapter F. 




O 

o 

o 

••-4 

to 

o 

Vi 

> 

O 

0 

CO 

zi 

B 

m 

0 

O 


o 

a 


d 

o 

CO 

VS 


a 

0 

d 

0 


0 

:S 

§ 

a 

0 

o 


-s 

0 

'a 

CO 

a 

o 

o 

CO 

0 

d 

d 

d 

u 

0 

a 

a 

0 

CO 

H 


<5. 

S) 

d 

ca 


o 

d 

d 

o 

§* 

> 

0 

0 

rd 


0 

o 

d 

ci 

u 

"S 

0 

0 

rd 


d 

•73 

0 

5h 

d 

CO 

d 

0 


lO 

t- 

I 

H 


p .2 

..-4 •*"* 

R ^ 

P- o 
bo 3 

.2 'S 

rd 

o 
0 


d 

0 

d 

d 

p 

0 

a 


0 


0 

d 

1 

0 

a 

2 

0 

d 

o 

4^ 

d 

a 

d 

4-> 

CO 


d 

.2 

CO 

to 

0 

u 

a 

0 

d 

o 

u 

tS 

0 

4 -> 

d 

0 

0 

d 


rd 

o 

d 


4 -> 

d 

0 

d 


d 

U 

0 

I 

0 

44 

o 

•f4 

44 

d 

44 

CO 

r*H 

d 

o 

o 

i—i 

xs 

d 

d 

d 

O 


I 


<M 


H 

IJ 


a 

d 

44 

CO 


d 

o 

0 

0 

d 

44 

d 

0 

O. 


0 

44 

o 

44 

d 

44 

0 

0 

.d 


CO 

\ 

lO 

o 

to 

d 

0 

Xi 


o 

0 

a 

CO 

o 


‘ d 
d 

•p~t 

m 

1—4 

d 

44 

0 

s 

73 

d 

o' 


0 

o 

fx, 


CO 

0 

> 

bo 

.d 

o 

xi 

d 

o 

•r4 

44 

d 

d 

cr 

0 

d 

d 

to 

■s 

0 

to 

0 

u 

Pu 

p 

0 


d 

0 

d 

d 

P 

0 

P- 

2 

0 

44 

d 

o 

••H 

44 

d 

d 

bJD 

d 

44 

CO 

0 


o 

lO 


0 

d 

44 

d 

0 

a 

2 

0 

44 

d 

o 

td 

a 

ci 

44 

CO 

0 

6 


05 

2 

0 

44 


CO 

d 

o 

•f4 

o 

0 

o 


o 

CO 

d 


d 

0 

rd 

r-H 

d 

I 

bO 

C 


d 

0 

g 

c 

o 

0 

u 

o 


d 

0 


0 

X 

O 

X 

a 

o 

0 

0 

rS 


bO 

.3 

g 

bO 

0 

X 

0 

tS 

d 

0 

p 


d 

0 

P. 


CO 

i> 

I 

H 


a 


CO 

> 

x: 

> 


ii 


• O* • 


d 

> 

0 

0 

U 

d 


I 

H 

d 

o 

•f«i 

44 

d 

*d 

cr 

e- 


CO 

d 

0 

)Li 

d 


0 


0 
ra 

^ d 

'' O’ 

d O 

o .2 


0 


xi 


^ bh 

» 

0 * 


+ 

<*- 

tM 


0 

X 


0 

44 

0 

X 


0 

CO 

d 

o 


CO 

0 

44 

P 

0 

§• 

PU' 


d 

a 

0 

rd 


CO 

c> 

I 

d 

o 

••4 

44 

d 

d 

C 

W 

d 


■a 

o 

Pi 

44 

CO 

d 

o 

CQ 

d 

44 

d 

0 

CO 

0 

Pi 

p* 

0 

p 

44 

§ 

GQ 

0 

O 

T3 


0 

d 

d 

. 0 

I 

0 

44 

d 

.2 

d 

S 

d 

44 

CO 

0 

X 


d 

Xf 

0 

d 

d 


0 

tS 

<2 

0 

X 

o 

d 

0 

CO 


0 

•3 

o 

0 

0 

X 


*d 

2 2 


o 

••-i 

d 

o 

CQ 

0 

6 

bfi 

.3 

Xf 

0 

0 

O 

X 

W 


2 

•*i-4 

cd 

I— I 

a 

p- 

d 

o 

0 

6 

bO 


TJ 

0 

0 

o 

s 


bO 


0 

d 

0 

o 

d 


d 

o 

TJ 

0 

N 

•.4 

73 

0 

p 

0 

d 

d 

o 

0 

44 

d 

P 

P 

0 

§ 


d 

0 

0 

:S 

0 


0 

0 

rS 

d 

0 

44 

d 

o 

a 

m 

0 

d 

2 


p 

d 

o 

o 

o 


d 

o 


^ . d 

M 44 

^ - 

0 X 

44 

<D 

a ^ 

O T3 

0 d 

o ^ 

H o> 

0 


.•a 

\o 

P4 

bO 

2 

O 

o 

0 

5 


d 

d 

0 

P 

44 

CO 

§- 

0 

p 

d 

0 

0 

0 

P 

P* 

d 

o 

13 


a 

0 

5 

d 

0 

2 

0 

44 

P 

O 

44 

d 

o 

6 

0 

0 

O 

d 

0 

l-H 

p-H 

d 

o 


a --s 


d 

44 

0 

0 


d 

2 

o 

d 

d 


*§ 

d 

44 

d 

§• 


d 

0 

pd 

'd 

44 

o 

44 

0 

0 

d 

d 

o 

o 

0 

0 

d 

oT 

d 

0 

0 

0 

j-i 

P- 

d 

0 

*.-4 

1 

d 

44. 

0 

0 

6 

0 

P 

a 

0 

p 

0 

*-d 

44 

T3 

d 

d 

0 

p 

d 

0 

0 

0 

p 

a 


d 

•Pi4 

0 

44 

3 

0 

0 

P 


O 

•*-< 

d 

o 

0 

0 

a 

u 

d 

0 

d 

p 

o 

44 

d 

d 

o 

•i«4 

44 

d 

P 

0 


0 
a 

•«-4 

P. 

d 
0 
X 

0 

bo 
d 

o 

8 

0 

0 

• o 

a ^ 
“ s 
2 s 

it 

-a 

o 

44 

.2 

bo 
0 
X 

44 

d 
P- 

44 

d 
o 

d 
0 
X 

f — * 

d 


0 

d 

d 

P 

0 

Pu 

2 

0 

44 

73 

••>4 

0 

bo 

^4 

d 


CM 

CO 

i 



Like the sonic linait the entrainment limit is also a characteristic of high 





where v is the average vapor velocity and z is a characteristic dimension for the sur- 
face. A Weber number of unity is generally believed to indicate the onset of entrain- 
ment. The corresponding axial heat flux is given by: 
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The phenomenon of entrainment reduces the amount of liquid pumped to 



the evaporator by prematurely returning it to the condenser. It thus increases the 
circulation losses (It might be considered an internal "leak") and reduces the heat 
transport capability. Of all the heat transport limitations the entrainment limit is 
probably the one that is the least severe. 
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nucleate boiling in the wick. Heat is conducted from the heat pipe wall through the wick, 
and evaporation is assumed to occur at the liquid^apor Interface. This model has been 
substantiated by extensive experimental evidence (28) (38) (18). When boiling occurs 
within the wick the presence of the vapor bubbles that are generated reduce the liquid 
flow area and consequently decrease the transport capability. 



u 

o 


B ^ 

a CD 


XJ ‘-I 
* 

<0 5 


O' tJ 
a 


Li -*-> 

S ccJ 

S) w 


§ a 

"§ cS 


c 

CD bO 


O .2 
<D ^ 


a s 

i! S 

a ^ 

0) <D 

X\ ^ 

cd 

^ d 

o **^ 

o .S 

d o 


o o 

^ CO 


'Q w 
d 2 


d XJ 

H a> 


o V 

•i«^ 


U Q. 

S* B 

^ o 

CO M 

r»l '*-« 

bO 


a p. 

X d 


CD O 
d 


d 

'<M U 


CQ 


d 2 


d <D 

CQ .2 

S ^ 

d Q 

<D ^ 


2 <i> 

2 ^ 

»o pi 

«> 




O N 


^ s 

-d o 
P d 


^ cS 

a tl 

P- d 

d QQ 


X3 d 
d rd 


CQ 

bfi <D 


d *5 


'd T3 
^ d 

d ccj 

.2 t 

4.2 1 


CD d 

3 

d 


CD 

<D CD 

di o 

t ^ 

d ^ 


^ o 

XJ 

0 d 


d . 
o ^ 


•'§' S 

d d 
?-i o 
0 »— « 


d t3 
0 ^ 
rd 
f-» 

SR 

cu 2 


d o 

^ rH 

2 S 


p cJ 

o 


d 4.2 

CD d 

CD 3 

0 o 

o o 

0 o 

d d 


- 0 

d B 

o 

CD 

2 u 

0 0 


d 

O d 


d 3 

0 .3 

P XJ 


d d 

> 


2 -2 

•■2 5? 



pipes contaia a highly degassed working fluid. However, Incipient boiling is difficult 
to detect through temperature measurements alone and many wicks which provide for 
adequate venting of internally generated vapor can tolerate some nucleate boiling with- 
out affecting the hydrodynamic limit. 
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Figure T-8.- Thermal Model of a Conventional Heat Pipe 
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Unlike a solid conductor, the conductance of a heat pipe is dependent on the 



is the conductance of the heat pipe wall at the evaporator. 



For cylindrical geometries this conductance is: 



G is the conductance of the wick at the evaporator. This term 
w, e 

is usually the most difficult one to evaluate and is frequently a very 
significant contributor to the overall conductance. In the absence of 
nucleate boiling, heat is transmitted by conduction from the heat pipe 
wall, through the wick, and to the liquid-vapor interface whic;h is the 



to Equation T-87. 



The effective wick conductivity has been the subject of many 
studies (38) (19) (18). For a porous wick saturated with liquid, the 
effective conductivity is bracketed by the two extremes of parallel or 
series conduction paths: 
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There is some question concerning the validity of any model 
which is based purelj' on conduction. In the presence of axial mass- 



flow of liquid within the wick, some radial convection effect is bound 
to exist. Chi and Cj'gnarowicz (10) have included convection effects 
in their heat transfer model of a cryogenic heat pipe; but, as yet, no 
comprehensive theory is available, and therefore the effective heat 
transfer coefficient of the wick must be determined experimentally. 
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Up to this point, the absolute values of the temperature at any point of the 
heat pipe have not been established. Hydrodynamic theory only defines pressure and 
temperature differences but not their absolute values. Only the heat transfer relations 
provide the necessary boundary conditions for computing absolute temperatures. Source 
temperature T , sinlc temperature T , and heat transport Q are related through: 
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With minor modifications, the heat pipe cant be made a device of variable 
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the sum of all resistances between the heat source and the vapor in the heat pipe R 

t' tr f 

the internal resistance along the length of the pipe, and R the sum of all resistances 

c 

between the heat pipe vapor and the ultimate heat sink. The overall conductance G 
between the source and the sinlc is given by Equation T-97; 


T-97 



T-44 




In principle, variable heat pipe conductance can be achieved by varying any one (or 
several) of the individual conductances which comprise to make up the overall 



can result in a partial dry-out. Since the evaporator resistance is a 
function of the area available for evaporation, this control technique 
functions by increasing the evaporator resistance R and thus decreas- 
ing the overall conductance G, Liquid flow control is a method which 
achieves control of the conductance by affecting the circulation of the 



ing gas; but liquids, e. g. , in the form of excess working fluid, have also 
been used. In either case, a partial blockage of the condenser results in 
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Figure T-11. Condenser Flooding with Gas 
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In the more general case where heat is rejected from the condenser by a combination 
of convection, conduction and radiation, the heat transfer coefficient h^ and the con- 
ductance become dependent on the operating temperature. But the principle of 
varj'ing the conductance through condenser blockage applies equally for all modes of 
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where p^ ^ and p^ ^ are the partial pressures of the vapor in the inactive condenser 
section and the storage reservoir, respectively. 



Within the inactive region of the condenser, the gas and liquid are at the 
sink temperature and the partial pressure of the vapor is equal to the saturation pres- 
sure of the vapor corresponding to the temperature of the sink. Thus we have: 


•X 


> > 
pu a. 


> > 
Q* a- 


I ^ 

u 

00 a 


O CQ 


tt u 
^ § 


u o 
> < 


o u 
Eh Eh 


Q> 

O 




?? d 

CQ CD 


O 03 


0 O 

m ^ 

0 -i-i 


W 0 

ra ^ 
0 ^ 


o3 

0 <l> 


D- P-i 


P3 > 

a s 


'0 


O Jh 

B H 


^ I 

w 8 


2 a 

<u rt 
& d ^ 

03 O d 

Q O A 


- o o 


o B 

O.. 


d 03 
> 


.S 'Q 
a d 

R 

w 

03 03 


d d 

03 03 

- "S 

g 2 s 

O d 

^ O Ph 


«3 -S 
W T3 








T.9.4 Self-Controlled VCHP's 



Combining the above equation with the expression for the condenser conductance, Equa- 


tion T-105 yields: 






to meet certain performance requirements are given in Chapter D, Design Procedures; 
and sample performance curves are given in Chapter P. The various heat pipe param- 
eters, e. g. , size of the storage reservoir and the properties of the working fluid, affect 
the control performance of the heat pipe are now evaluated. 
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The normalized conductance of the condenser (Equation T-105) reduces to: 



The effects of variations of the heat load and sink temperature upon the vapor temper- 
ature can be examined by calculating the parameters S and S' . 
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discussed in the next section. 



The presence of working fluid vapor in the reservoir results from diffusion. In order 
to avoid vapor condensation in the reservoir and consequently in establishing a satura- 
tion vapor pressiire, the reservoir temperature must be higher than the sinlc tempera- 
ture. There are no other restrictions on the reservoir temperature. In practice, an 


elevated reservoir temperature is achieved by thermally coupling the reservoir to the 
evaporator as shovm schematically in Figure T-14. The normalized condenser con- 
ductance becomes: 



When comparing the parameters S and S’ for the present case with those for the wicked 



Pv,C " Pv,0 



Figure T-14. VCHP with Reservoir Thermally Coupled to Evaporator 



uncontrolled reservoir, one sees that the first parameter, S, is nearly unchanged. It 
is slightly smaller, however, since V /V is multiplied by the ratio T^/T^ which is 
always less than unity. Thus, a self- controlled VCHP with a non-wicked reservoir is 
slightly more sensitive to changes in the heat load (smaller S) than one with a wicked 
reservoir. 
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Feedback Self-Conti"olled VCHP's 

The passive, self-controlled VCHP is a fairly simple control device but its 




Temperature Controlled Reservoir 
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temperature control capability is limited. From the preceding sections, it can be seen 



Thus for the extreme case of completely constant vapor temperature (dT ^dQ = 0), the 
source temperature still varies in accordance with the heat load as; 



L-uuuuccance or , But unlike the passive systems which were previously discussei 
the condenser conductance is varied to meet the requirement of a constant source 



temperature. This is achieved by monitoring the source temperature and then using a 
signal to adjust the condenser conductance accordingly. A feedback system can oper- 
ate on any of the parameters which affect the condenser conductance. Referring to 
Section T. 9. 3, feedback control could be achieved by varying either the effective size 
of the storage reservoir, its temperature, or the mass of the noncondensing gas. . 
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pressure-temperature relatioiisliip of a saturated vapor is approximately exponentiaL 
Both mechanisms combine to vary the conductance of the condenser by changing the 



tant since it provides a necessary means for lowering the reservoir temperature. A 
temperature sensor (e. g. , therniocouple, thermistor) is placed near the component 
whose temperature is to be controlled. The output signal is usually amplified, com- 
pared to a reference value, and the resulting error signal (if any) is used to control the 
input to the electric heating element. 



space available for the gas. 



These advantages must be weighed against the added complexity when com- 
pared with the simple, passive and self-controlled VCHP. In addition, the inclusion of 
a heater involves both a power requirement and the loss of inherent system reliability. 
The decision as to whether to use or not to use a feedback system involves a trade-off 
between performance requirements, system complexity, availability of control power, 



Figure T-19. Self- Controlled VCHP with Variable Set Point 
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Active Variable Conductance Heat Pipes 
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O is the axial conduction heat flow, K is^-the radial conductance through the wick, anc 

S is the (linearized) conductance between the heat pipe wall and the'environment. T., 

T . and T are the temperatures of the vapor-wick interface, the wall, and the envi- 
w o .. 

ronment, respectively. The axial conduction heat flow is related to the axial wall 
temperature gradient dT /dx through: 


T-125 



where N and N are the molar fluxes of the gas and the vapor, x is the mole-frac- 

g V g 

tion of the gas, c is the molar density of the mixture, and D is the mass diffusivity. 
The first term in. Equation T-127 accounts for the flux associated with the bulk m.ass 


flow, while the second term represents the flux resulting from the diffusion super im- 
posed on the bulk flow. r 



bining Equations T-127 through T-130 yields the following expression for the mass 
diffusion equilibrium: 

T-72 



din X 






Energy transport due to the sensible heat is negligible 



since Equation T-126 is of the second order. However, in the case of high radial wick 
conductance, several simplifying assumptions can be made and the two boundary con- 
ditions, Equations T-133 and T-134, suffice. 

T-73 



The preceding discussion indicates the general approach for analyzing a 
diffuse vapor-gas interface. The equations are sufficiently complex that closed form 
solutions are out of the question. Numerical solutions have been obtained which pro- 
vide general information about several effects associated with a diffuse vapor-gas 
interface. 
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One important conclusion can be drawn from the numerical analysis. Since 
heat transport by mass diffusion appears to be insignificant when compared to axial 
conductioxi, the temperature profile In the vicinity of the interface is determined to 








Figure T-23. Effect of Wo^Jdng Fluid on the 
Condenser Temperature Profile 
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Figure T-24. Effect of Operating Temperature on=the 
Condenser Temperature Profile 



a first approximation by conduction and by heat transfer to the environment. Thus, a 
conventional ”fin" equation (25) will, in most cases, adequately describe the tempera- 



below the freezing point of the working fluid, a finite amount of vapor will continuously 
diffuse into that region and freeze there. Eventually this effect will result in a defi- 
ciency of working fluid and cause a hydrodynamic failure. The computer solution pre- 
dicts the rate at which working fluid is lost. 


The performance of heat pipes during transients is only partially under- 
stood at the present time. This is particularly true for VCHP's which represent con- 
trol elements within a thermal system. A detailed discussion of transient behavior is 
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Adiabatic 

Condenser Section Evaporator 



The control characteristics can be developed using a model similar to the 

one in Section T. 9. 4. Assuming that the fraction of the working fluid occupied by the 

wick and the vapor space is approximately constant (or negligible as in the case of the 

* 

vapor), conservation of mass of the excess working fluid requires: 


where V is the sum of the volumes of the reservoir and the capillary tube, V, is the 
1 . , b 

volume of the bellows containing the auxiliary control fluid, and V is the volume of 



T-83 



Combining Equations T-137 and T-138 together with Equations T-98 and 
T-104 yields the following expression for the normalized condenser conductance: 
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Vapor control represents a direct method of varying the axial conductance 
of the heat pipe. It does not, as all other techniques, render part of the condenser or 
evaporator ineffective. The entire evaporator and condenser are isothermal during 
all modes of operation since the pressure and temperature diffei’ential occurs across 
the throttle mechanism. 
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D. 0 HEAT PIPE DESIGN PROCEDURE 



Design Criteria describes the approach the designer uses in defining the application 
problem, and it discusses the design criteria for conventional and variable conduc- 
tance heat pipes. Performance Limit Evaluation identifies those characteristics of 
heat pipes which have defined limits; these limits cannot fall within the specified 
design requirements of the selected heat pipe. Conventional Heat Pipe Design Pro- 


cedures outlines the v/orking fluid, wick design, container design, and fluid charge 
selection processes W'hich are required in order to arrive at a reference design. 
Finally, Variable Conductance Heat Pipe Design addresses the problems peculiar 
to the gas -controlled heat pipe. 
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Figure D-1. Methodology of Heat Pipe Design 
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Figure D-2. Heat Transfer Model Considered in Example D-1 
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The heat pipe is nearly isothermal (Internally, the vapor tempera- 
ture drop is negligible) and a thermal conductor is not. This feature 
of the heat pipe is often used to maintain the temperature uniformity 
between components and to increase the efficiency of heat transfer 
surfaces (radiative and convective). 
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Section T-6)> is illustrated by the following example: 
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Once the heat pipe has been selected for a specific application, the basic 
performance parameters must be established before anj'' design effort can be initiated. 
These parameters include operating temperature range, heat load requirements, AT 



Variable Conductance Type Applicability 
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Table D-2. Applicability of Gas- Controlled Heat Pipes 
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The transport length is the net distance over which the heat must be 





Table D-3B. Summary of Additloual Criteria for Variable 

Conductance Heat Pipes 





















transported. This requirement in combination with the thermal load determined the 
capillary pumping requirements which, in turn, determine th.e wick design. 


'U ^ 
O no 

a 


0) <u 

H pH 


^ <D 

G) a 


- O ctS 

CQ <D Q) 


o 

.s S 

O 

rd 

TS > 

O > 

Phi 

I 

CD ^ 


m 


CD 

§ 2 

(D 


o 

tj 

a ^ 

W '2 


■2 & 

« s 

eJ 'SJ 

^ CM 

tQ O 


0 O 


o3 ci 


a ^ 

PH. o 


5d 

o w 

a g 

m S 

S3 0^ 


rt ST 

G) 


0 

O 

§ 

a 

f-i 

<2 

0 no 

04 0 

73 .3 

0 d 


OQ ^ 

<D fW 

o 2 

0 {. 

^ 0 

rC; 


3 0 

^ o 
o o 


' d 
d 


ta . 
0 


a 0 

<2 g 

f~-< fci 

rH tj 

^ .a 

rrl 

3 S 

o o- 


o o 

S 2 

4 I 

F1^ M 


a s 

•«-* r—H O 

^ D CTJ 

ra 0 CO 

♦H ^ •<-< 

^ 43 

0) «« o 

43 O *p| 

^ b I 

Ph 

2 ^ 

S 'S 

o 3 

0 Ph 

bJD o 


I 


O 2 

H2 ;?!. 


44 CQ 
<D 


fcO O- 
M 


S3 

2 ca 


•»w4 

tc 

0 


TJ 



0 

0 

04 

•r-l 

O* 


U 

0 

•*H 

o 
• : 

CS! 

OQ 


• 

0 

c(S 

CG; 

O 

0 


O 


P 


<u faa 
« 


^ d 


t t 

i 3 

T3 T3 

a ^ 


*» a) 
0) ■o 


For space application, pre-launch operational verification is normally 
required. To achieve this, the orientation of the heat pipe within &e spacecraft must 
be considered. A heat pipe designed with a minimum limitation on orientation is most 
desirable. This requirement must be traded off against overall thermal pe):formance 



Because capillary forces are relatively small, operation of a heat pipe 
under acceleration loads is limited. The frequency and nature of acceleration loads 
must be defined and imposed as operational constraints on the heat pipe if heat re- 
moval is required under these conditions. In addition, the heat pipe may be subjected 
to a dynamic environment; and the heat pipe must be designed to withstand these dy- 
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D. 3 Performance Limit Evaluation 
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The maximum permissible interfacial pressure difference (adjusted for the perpendicular 



component of gravitj') is: 



The axial pressure gradient in the vapor for the various limits indicated is given by 
Equations D-5 through D-8: 
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* As a minimum, the designer should add a safety factor of about 1. 5 to the required, 
capillary pumping in order to achieve a practical wick design. 



The governing Equations D-1, D-2, and D-3 apply to this category. The 
maximum Interfacial pressure difference assumes the following simplified form: 




srify that momentum changes due to evaporation and condensation 


are negligible. This will be true if: 



Compute Equation D-11 




In order to accuratelj' determine the Capillary Heat Transport Limit for 
practical heat pipe designs in specific applications a computer analysis must be per- 
formed. This is because the magnitudes and locations of heat sources/heat sinks 
and the effects of acceleration influence the locations of the maximum and the mini- 
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Figure D-5. Variations of Ap. in U-Shaped Heat Pipe 


The X coordinate is located as shown. The axial heat flow rate 
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QL = Heat Transport Factor v/hich is determined by the 
requirements of the application. 







The parameter Fj represents the ratio of the flow pressure drop in the liquid to the 
sum of the flow pressure drops in liquid and vapor. 
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The Wicking Height Factor (H in Equation D-29)”^hich is a- 
property of the working fluid. 
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K of that wick. A decrease in the effective pore radius of the wick will improve the 
hydrostatic performance but will increase the hydrodynamic losses. The converse 
is also true. It is apparent that trade-off studies must be conducted in order to 
optimize the performance of a heat pipe. 
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should limit Q dui'ing the start-up to avoid the Sonic Limit and/or compressibility 
effects , 
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Typical evaporator heat fluxes which have been reported in the literature 
are given in Table D-4 for several fluids and wicks. These values are not intended 
to represent the fundamental Heat Flux Limit. The heat pipe designer may, however 
use these reported values, in combination with the indicated wick designs, as a guide 
for specifying the evaporator heat flux. 
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Table D-4. Experimental Evaporator Heat Fluxes 
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This equation holds, with a fair degree of accuracy, for hi^ly S^uperheated vapors. 

In order to calculate internal pressures, which are fairly accurate throughout the 
entire superheated vapor region, more complex equations of state (developed from 
empirical data) must be utilized. One of the best known and most useful, such equations 








Is the Beattie-Bridgeman equation of state. This equation is; 
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Ao» a» B^, b, and c are constants that must be determined experimentally for each 
fluid. If the constants are not available for a particular fluid, it is suggested that the 
ideal gas equation be used and a safety factor of 2. 5 to 3 be applied to the working 
stress of the heat pipe container material. 



For heat pipes operating m the absence of bodj' forces and for conditions 
where the vapor pressure drop is negligible, the capillary pumping limit is directly 






bs g 
0 O 


^ . o 


rQ 


U ^ 

G) 0) 

W O 

•^4 

>. o 

■a -g 


CO 

o ns 

<D cr 


^ S 

.2 

a § 

3 § 

H bA 


m <1^ 

§ 2 

c 2 ^ 

^ <u 


^ bO 

S 

C 3 ••M 

CD ^ 

CQ ^ 


•* 4 -i 

cS 

O CD 

•*^ _ci 


•3 1 
S a 
a ^ 

CD ^ 


C3 r-H 


<D ^ 

y W) 


S3 

O <M 

•s ® 

0 QQ 

CD •'^ 


^ 0 

CO Q 

-♦-> CO 

o ‘r* 
<c H 

»— ( 03 

0) a. 


o 

rC! O 

CQ <3) 

;h W 

S O 

rj ^ 

s a 

—4 D 

OC p< 

o , 

Tf g 

2 cti 


■5 g 

.9 


^ r2 

eS ^ 

s ^ 

^ I 


'Q bJD 

•t»4 Zy 

•-< CJ 


0> CS 

TS 1^ 


O *w 

.s ‘g 


§ ^ 
-6 ® 
§ tS 

O TS 

2 


■§ gj 


(D 5 

o S 

^ u 

O CD 

<4H *4-> 

] CD 


cQ 

CD CD 


V •-* 

ccJ U 

CD a 

1^ ^ 


<D g 

<3>v,^CS 
P '»!<?. 

c2 ^ 

w u 

o .2 

^ «« 

© 2 

^ > 

•§) 

© 2 

•2 os 

a a 

•ri «o 

.a ^ 

a ^ 

o 


•-H c 3 

CD CD 


cn ;2 

a ^ 

a c 3 


2 

ns •*-< 

^ =( 

9 ^ d 


Besides the fluid hydrodynamic and hydrostatic properties, the designer 
must also consider the radial heat transfer in the evaporator, especialty if boiling 
would seriously degrade hydrodynamic performance. The criteria for nucleation has 
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in the wetting angle of the.working fluid as well as in the permeability, porosity, or 
capillary pore size of the wick. Solid precipitates resulting from corrosion and ero- 
sion are transported by the working fluid to the evaporator region where ffiey are de- 
posited when the liquid vaporizes. This leads to an increased resistance to fluid flow 

K. 

in the evaporator which results in lowering the Heat Flmi Limit in the evaporator. 



Sodium 



Figure D-8. Nucleatlon Tolerance Factors of Several Commonly Used Working Fluids 





Non-Condensible Gas 



heat pipe materials at intended operating temperatures must be established by testing. 

A widely used approach to compatibUity testing is to emploj^ the actual heat pipe hard- 
ware and monitor the rate of gas generatipn. As mentioned previously, noncondensable 
gas generated within a heat pipe collects at the end of the condenser, blocking vapor 
flow and causing a local temperature drop (see Figure D-9), Thus, by monitoring the 


temperature distribution along a heat pipe operating at constant temperature the rate 
of gas generation can be determined. Several such compatibUity tests have been per- 
formed by manj' different experimenters and laboratories. The designer is referred 
to Chapter M for a compUation of reported d^a. 
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parameter which determines the abilit}' of the heat pipe to overcome hydrostatic 
forces. 
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Permeability and capillary pumping determine the hydrodjTiamic heat 
transport capability of a wick. On examination of Equation D-27 for tlie Heat 




Table D-5. Wick Selection Criteria 
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The final primary criterion (last column, Table D-5)lbr selecting a wick 
is its complexity and the corresponding cost to manufacture. This criterion is highly 
subjective since its Importance depends a great deal on the application. For example 
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Most of the considerations which are important for ccmventional .wicks 
also apply to composite wicks. Typical ranges for capillary pumping capability and 
permeabilities can be obtained from Table D-6. The effective capillary radius is 
that of the pumping wick, and the effective permeability is that of the transport wick. 
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Long-term effect of elevated temperature on the strength of 
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thermal conductance of the heat pipe. Unfortunately, an accurate determination of 
the fluid inventory for most types of wiclcs is not possible for the following reasons: 
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D. 5 Variable Conductance Heat Pipe Design 


u 

0) 

a 

O 


Q 


0 ) 

o 


d 

m 

0 

XJ 

d 

r—i 

o 


m 

&i 

W 

o 

> 

CQ 

O 

a 


cJ 

o 

o 

o 

§ 

o 

-o 

§ 

o 

o 

*— i 

•p>4 

u 

d 

> 


a 

.w 

<D 

XJ 

<D 

H 


<D 

f— < 


I 

O 

O 

o 

u 

& 


I a 


CQ 

U 

o 

4-> 

o 

■ d 

<4-1 

0 

CD 

O 


o 


CD 

O 

CQ 

a 

o 

CD 

<D 

a 

§ 

•m-i 

o 

<D 

QQ 


.2 

■* 4:3 

H 


cj 

a 

w 

Q> 

X3 

CU 

a 


0) 

*c3 

d 

.2 

d 

o 

d 

o 

Q 

•u> 

O 

<D 

c« 

d 

rd 

CD 

d 

Q> 

a 

1 — ( 

0 


§ 

d 

0 

a 

O 


0 

T3 

O 

a 

0 

o 

U 

o 

O 

o 

0 

•p-t 

d 

> 

0 


0 

o 

§ 

o 

d 

'§ 

o 

o 

0 
f — 4 

■§ 

•W 

;-i 

d 

> 

'Vi 

0 

;d 

o 

u 

d 

o 

o 

! 

m 

*3 

oa 

0 


§ 

o 

•p-i 

u 

d 

> 

0 

.d 


0 

I— I 

o 

Pu 

a 

m 

•iH 

pd 

o 

0 

d 

XJ 


o 

a 

> 

u 

o 

XJ 

d 

cr 


0 

be 

d 

o 

o 

I — t 

rO 

Vi 

•pH 

d 

a* 


0 

d 

•S 

d 

0 

0 

X 

o 

pd 

0 


0 . 

o 

§ 

4^ 

o 

-g 

§ 

o 

0 

r-H 

■a 

d 

> 


w 

0 

a 

••-< 

D- 

• 4 -> 

d 

0 

pd 


0 

0 

d 

X 

0 

o 

o 

a 

a 

•pH 

0 

0 

X 


0 

•s 

X 

d 

d 

0 

0 

bX) 

d 

0 

4 ~» 

d 

0 


04 

o 

p-H 

0 

> 

0 

PQ 

0 

pd 


a 

4 ^> 

0 

0 

d 

d 

1 % 

o 

H-> 

0 


o 

u 

4 >) 

d 

o 

o 

o 

a 


0 


0 

••H 

.d 

4-> 

d 

X 

0 

d 

«4-H 

0 

X 

r-4 
I— H 
0 

4-> 

O 

d 

0 

d 

d 


d 

0 

P^ 

0 

Id 

o 

d 

4 ^d 

d 

o 

0 

1 

0 

bX) 


a 

•ipH 

0 

0 

X 

0 


0 

O 

§ 

d 


•a 

•1-4 

pd 

0 

d 

0 

0 

a 

d 

d 

d 

a 

'd 

d 

d 

0 

bo 

0 

.d 


0 

a 

d 

0 

s 

•pH 

0 

0 

X 

0 

5 

73 

O 

•pH 

0 

d 

ffi 


0 

d 

o 

•pH 

4 -> 

0 

0 

0 

bO 

.S 

X 

0 

o 

0 

d 

04 

0 


.3 

X 

0 

0 

0 

d 

o 

0 

• pH 

xi 

d 

0 

0 

pO 

0 

> 

d 

pd 

0 

0 

Cu 


I 

o 

0 

•S 

0 

4.2 

0 

0 


o 

•ip4 

pd 

a 

0 

0 

X 

0 

•& 

a 

d 

0 

pd 

i-H 

d 

§ 

•pH 

d 

0 

1 

o 

2 

o 

d 

0 

•pH 

d 

0 

d 

0 

d 

a 

d 

0 

4 -J 

0 

PQ 

4-> 

0 

d 


0 

0 

O 

•s 


0 
r — 4 

-a 


o 

d 
d 
> 


ncJ 

• pH 

d 

04 

0 

pO 

4H 

0 

d 

a 

d 

o 

0 

4H 

4-> 

d 

d 

d 

■3 

o 

••h 

■fi 

d 


0 

d 

0 


0 

tS 

4H> 

o 

o 
0 
t — 4 

d 

pd. 

o 

X 

•3 

bX) 


d 

O 

X 

d 


a 


& 

0 

•d 

d 

<4-4 

0 

a 

d 

4H 

d 

0 

pd 

X 

§ 

o 


0 

0 

X 


O 

•pH 


0 


0 

d 

0 

4 H 

0 


0 

0 

t' 

o 

0 


d 

0 

d 

1 

4 H 

d 

a 

X 

0 

.3 

<4H 

0 

X 

0 


0 

0 

X 

0 

.& 

CU 

d 

0 

pd 


0 

d 

pO 

0 

■3 

0 

O 

d 

O 


pH 

a 

a 


a a 


d 

d 

X 


C3 

d 

d 

O 4 


0 

o 

d 

d 

4H 

o 

d 

X 

d 

o 

o 


X 

0 

d 

•pH 

d 

cr 

0 

d 

0 

01 

•pH 

O 4 

d 

0 

pd 

X 

0 

1—4 

p-H 

o 

d 

'S 

O 

0 

1 

0 

d 

bX) 

«4H 

o 

0 

g I 

s a 

pd ^ 

X o 


pd 

.2 

p^ 

■a 

4-> 

0 

0 


X 

0 

0 

d 

0 

pO 

X 

1—4 

d 

o 

pd 

0 

?? 

o 


d 

o 

•pH 

o 

0 

CO 


0 

bO 

0 

3 

"d 

d 

0 

•pH 

0 

d 

•pH 

d 

0 

0 

0 

d 

d 

0 

0 

0 

O 

0 

d 

0 

pd 


X 

0 

S 

0 

0 

d 

o 

0 

pO 

d 

d 

o 

0 

0 

O* 


d 

0 

wd 

0 

o 

d 

d 

4H 

o 

1§ 

o 

o 

0 

Iq 

d 

•pH 

d 

d 

> 


0 

d 

• pH 

X 

0 

pd 

H 


0 

4-> 

o 

d 

pd 

o 

« 


0 

4-> 

0 

0 


a* 

d «ph 


0 
> 
d 
0 
0 
0 
d 

X 
0 
P^ 

•2 
» 

§ 

d 

1 

X 
0 

p^ 

O ppH 

0 ^ 

0 
O. 


0 

pd 

tM 

O 

0 


I 

I 

0 

0 

•pH 

d 

§) 

0 

cd 

o 

"d 

d 

0 

d 

0 

bO 

o 


d 

o 

0 

pO 

d 

0 

> 

0 

O 

pd 

0 

o- 


o 

> 

d 

0 

0 

0 

d 

S' 

:§ 

0 

3 

•pH 

X 

0 

0 

d 

0 

pQ 

a 

o 

I— H 

O 

d 

•M 

d 

o 

o 

0 

> 

0 

0 

d 

0 4 

X 

a 


I 

d 

0 

bo 


0 

d 

• pH 

0 
> 
d 
0 
0 
0 
d 

X 

0 

pi< 

^2 

1 

d 

o 

d 


X 
. 0 

d 

• pH 

o 

o 

0 

0 

d^ 

d' 

d 

0 

a 

§ 

•a 

4H 

0 

♦f-4 

0 

a 

d 

HH 

X 

0 

r-H 

•-H 

O 

d 

'S 

O 

0 

1 

d 

o 

0 

a 

TJ 


to 

a 

(1) 

4H 

0 

0 


d 

0 

0 

0 

d 

X 

0 

O 


0 

5 

§ 

o 




0 

d 

1 

O 

0 

•^ 

HH 

O 

d 


a- 

Q* 

d 


0 

0 

.0 

0 

d 

pd 

0 

o 

ppH 

4 H 

o 

d 

d 

04 

P-H 

d 

d 

0 


d 

I 

0. 

o 

0 

0 

d 

§ 

■3 

0 

d 

1 

4H> 

d 

s 
a 

•H 

73 

0 

d 

•pH 

O 

o 

.W) 


0 

I 


a 


d 

0 

0 

d 

p-H 

d 

d 

0 

d 

bo 

0 

pd 


0 

d 

0 

d 

d 

0 

a^ 

0 

H-5 

0 

0 


o 

> 

d 

0 

0 

0 

d 

X 

0 

0 

•pH 

1 

d 

o 

d 

d 

O 

X 

0 

pi4 

O 


0 

P"H 

pQ 

bfl 

•pH 

0 

d 

0 

d 

d 

0 

4H 

O 

0 

<*H 

<4H 

0 

d 

o 

•pH 

0 

5a 


X 

d 

d 

§ 

•pH 

4H 

O 

d 

o 

0 

'd 

a 

d 

0 

pd 


•\"N 


d 

o 


o 

o 


a 

d 

a 

a 


0 

pd 


d 

0 

4H 

O 

d 

0 


to 

d 

0 

i-H 

0 

d 

• pH 

"S 

0 

0 

pd 


0 

d 

d 

HH 

d 

d 

0 

04 

a 

0 


0 

4H 

0 

0 

•a 


0 

pd 


d 

'a 

o 


d 

0 

pd 

a 

. d 

a 


0 

d 

d 

4H 

d 

d 

0 

a 

a 

0 

HH 

•pH 

0 

0 

pd 

4H 

HH 

d 

0 

•pH 

d 

0 

0 

0 

"S 

8 

0 


d 

d 

a 

0 

4J 

a 

.a 

0 

pd 




00 

m 

I 

Q 



<M 

CO 


1 


I 

1 

p 

Q 

I 

Q 



Thus, at the maximum condition (maximum heat load at the highest sink temperature): 
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In the second case|‘ the requirement is substantially less, being equal to: 



Reservoir 



Figure D-13. Wicking'Height Requirements for Wicked Reservoir Systems 
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the reservoir is interfaced with some other component, structural member, etc. 
whose temperature is relatively insensitive to variations in the sink condition (i. 



A VCHP with a temperature controlled, wicked storage reservoir Is far 
less sensitive to variations in the sink temperature than one whose reservoir is cou- 
pled to the sink temperature. Conversely, for a specified control sensitivity and sink 
temperature range, the VCHP with a temperature controlled reservoir will require 



nearly absolute control of the vapor temperature could be obtained practically, this 



would not guarantee that the heat source temperature (v;hich is really the parameter 
of interest) would be maintained constant. As indicated by Equation D-52, there is 



thereby permitting absolute control (i. e. , = 0, A Q) of the heat source. 

The active feedback system is essentially the same as the heated reservoir system 
discussed previously, except that, instead of monitoring reservoir temperature and 
maintaining it constant, a controller senses the heat source temperature and regi’Iates 
the reservoir temperature to derive the desired control. 


In order to minimize the reservoir size, the auxiliary heater should keep 
the reservoir near the vapor temperature at the condition of minimum heat load and 
lowest sink temperature. This results in larger power requirements for the feedback 
system than for the heated reservoir type. However, the auxiliary power required 



One other type of gas-controlled heat pipe is the "hot reservoir" system. 
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Once the flat-front analysis has been performed, the gas-front analysis of 



Marcus (9) may be employed to evaluate conduction and diffusion effects and their 
impact on the design. More specifically, the gas-front analysis should be used to 



below the minimum sink temperature. This is necessary to avoid 
real gas effects which are not very accurately predicted and also 
to guarantee that inaccuracies in predicting the minimum condi- 
tion do not lead to a two-fluid heat pipe system whose control 
characteristics are substantially different. 


When high diffusion rates are desired, as in the case of start-up 
with hot non-wicked reservoir types, a gas with a low molecular 
weight should be employed. If diffusion freeze-out is a potential 
problem, a gas. with a high molecular weight should be used. In 


I 



D-67 




Determine the basic heat pipe design (hydrodynamics and heat 
transfer) using the procedure outlined in Section D. 4. The fol- 
lowing considerations which affect the variable conductance as- 
pects of the system should be talcen into account. 


Wick Design; The operation of composite wicks, particu- 
larly the arterial types, is very susceptible to the presence 
of noncondensable gas. Efforts are currently underway to 
develop arterial variable conductance heat pipes (6); how- 



tendency of the gas to go into solution in the condenser and 



minimizes the tendency of forming a bubble if this gas comes 
out of solution in the warmer evaporator section. Also, since 



the working fluid. Since the required reservoir volume will 
be approximately an order of magnitude larger than the con- 
denser volume, containment of a high pressure fluid could 
pose a problem, particularly if weight is a prime considera- 
tion. Fluids which have moderate to low operating vapor 



agnltude of the variations in heat load and/or sink 



The magnitude of the maximum sink temperature relative 
to the nominal operating condition. 



determine whether a particular VCHP type canprovide acceptable 
control for the conditions established in Steps 2 and 3. As noted 
previously, acceptable VCHP designs are those for which the ratio 
V /V* is positive and within practical upper limits. When the 

r V, c 

desired control cannot be obtained with a particular VCHP type, 


the designer must be willing to decrease the degree of control, 
select a more complicated VCHP, or select a different thermal 
control system. For convenience, the equations required to calcu- 
late storage volume and gas charge requirements for the different 



Since the time constant of the heat source generally is a fixed system 
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parameter, the transient behavior is optimized by minimizing T . 

T 

This requires minimizing the heat capacitance of the reservoir. 
The auxiliary heater power required to control the reservoir is: 
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Perform Gas Front Analysis: In those applications where diffusion 
freeze-out Is a potential problem or where thermal isolation of the 



reservoir from the condenser section cannot be accomplished, the 




MB. 


a series of iterations involving the different steps of the design procedure. The num 
ber of iterations may be minimized if a good definition of the application is available 
and if the designer has a good understanding of the various steps and factors v/hich 
affect the design. When designing a VCHP, particular attention should be paid to the 
degree of temperature control required and the magnitude of the sinlt temperature 


relative to the operating temperature. These parameters generally have the greatest 
impact on the type of VCHP that will be required. Once the VCHP type has been estab- 
lished, most other design considerations follow. 




PERFORMANCE CURVES 




<0 o 

04 (0 


*• >4 

9 3 


S 




1100 I 2011 




combination was chosen which is representative for heat pipes to be operated about 
this temperature level. The selected working fluids and materials are listed in Table 






Three (3) types of performance curves are given for each of the^4 combi- 
nations of temperatures, wick types, and heat pipe diameters shown in Table P-1. Per 
formance curves of the tj'pe A give the maximum heat transport capability as a function 
of several wick parameters for a "zero g" environment. In the case of the circumfer- 































ential screen and the porous slab wick, the independent parameter is the wick thick- 



A permissible range of groove and land widths was specified, and the code selected 
the optimum value which yields the highest Q. The range of widths was , 25 mm to 

1. 0 mm (0. 010 inch to 0. 040 inch) for the 1.27 cm (1/2 inch) pipes and . 25 mm to 

2.0 mm (0,010 inch to 0.080 inch) for the 1 inch pipes. The type A curves for the 
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The performance curves for conventional heat pipes are arranged as 



1100 K Type A and C Page P-15 


The Static Wicking Hei^t of the slab wick is identical to that of the 
circumferential screen wick for the same mesh size screen. 



presented for two (2) nominal operating temperatures — 318°K and 1100°K. The first 



temperature is typical for electronic equipment; the second one for high temperature 
radioisotope heat sources. Ammonia was chosen for the low temperature case and 
sodium for the high temperature. 
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Temperature; 373°K (212°F) Working Fluid: Water 

Container Material: Copper Wick Material: Copper 
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Figure P-6. Porous Slab Wick 

Axial Heat Trimsport (Type A) and Heat Pipe Conductance (Type C) 

Temperature; 77°K (-320°F) Working Fluid: Nitrogen 

Container Material: Aluminum Wick Material: Stainless Steel 
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Figure P-15. Reservoir Sizing for VCHP \vith Cold-Wicked Reservoir (Type P) 

Nominal Vapor Temperature: 318°K (113°F) 

Minimum Sink Temperature: 268®K (23*^F) 

Working Fluid: Ammonia 









Figure P-17. Reservoir Sizing for ^CHP with Cold Wicked Reservoir (Type D) 

Nominal Vapor Temperature: llOOOK (2011°F) 1 

Minimum Sink Temperature: 500°K (440°F) 

Worldng Fluid: Sodium 
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Rectangular grooves: 



tion of the effective pore radius of triangular, semicircular, and square 
grooves. Their analytical results agreed well with capillary rise ex- 
periments. For triangular grooves they obtained; 
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where r is the average sphere radius. The average sphere radius is 
often a difficult quantity to determine; Scheidegger (21) discusses this 
in detail and the reader is reffered to his discussion. Equation W-10 
Is also a good approximation for sintered particle v/icks. 



Fibrous wicks (21): 
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rallel cylindrical capillaries of circular cross-section (13); 



Equation W-13 was obtained by rearranging the expressions from 



Reference 13 Into parameters which are consistent with the nomen- 
clature of this Handbook. The hydraulic diameter used in Equation 
W-13 is defined as: 
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Figure W-2. (f*Re) vs. Aspect Ratio for Fully Developed 
■ Laminar Flow in Rectangular Tub^ 



Figure W“3. (F»Re) for Fully Developed Laminar Flow 

in Circular Annuli 
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Figure W-4. Rectangular Groove with Meniscus Segment 
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Conventional wicks, such as multilayer screens, grooves, fibrous wicks, 
etc, , suffer from the conflicting requirement of high capillary pumping (which is ob- 
tained with small pores) and good permeability (which Is obtained with large pores). 
The concept of "composite wicks" circumvents this conflict because the capillary 




Figure W- 5. Permeability of Screen Wicks 

(Modified Blake-Kozeny Equation) 
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This method measures the smallest pore size present and thus tends to predict higher 
capillary pressures than will be representative of a uonhomogeneous wick having vary- 
ing pore sizes. 
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figure W-8. Advancing Liquid Front Test Setup 
for Determination of r and K 


This technique also gives the value for the largest pore size present In the wick. It 
has been reported (20) that this technique gives essentially the same result as the pre- 
vious method. However, the test used to establish this equivalence utilized a 200-mesh 
stainless steel screen (which has very little variation in pore size); thus, both test 
methods would be expected to yield similar values for r . 
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where L Is the length of the sample and A Pj Is the pressure drop as measured along 
this length. Equation W-32 follows directly by integration of Darcy's law (Equation 
T-15). The data obtained using this experimental method are usually reproducible. 
Unfortunately, this technique does not duplicate the condition inside a heat pipe where 
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FLUID PROPERTIES 
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The graphs that follovv' Figure F -I present separately the tei-nperature 
dependent physical properties and the calculated heat pipe design parameters. These 
properties are given in SI units for the more commonly used fluids. Conversion tables 
between cgs, British Engineering, and SI units are given in the Introduction, I. O. 
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Table F-T. Selected Properties of Some Heat Pipe Working Fluids 
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The most common types of heat pipe compatibility prol^lems are listed in 
Table M-1. From these it can be seem that a few basic questions should be applied 
to all suggested structural materiaJ/fluid combinations. 



Noncondensing gas reaction product 



Table M-1: General Compatibility- Problems in Heat Pipes 



Do they react chemically with each other at the operating 
temperature? (This includes the formation of alloys and 
intermetallic compounds.) 
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estimates can be made of the relative stabilities of the oxides of the fluid and the 
structural materials (29) (30). Use of these properties has been made in the purl- 



Normally, the rate of solution is limited bj^ the mechanisms involved in 
transferring the. solid atoms (molecules) into the bulk of the solvent. This transfer 
involves two steps: the crossing of a surface barrier, and the diffusion through the 
boundary layer in the liquid. If the, first step is the controlling one then the rate of 
corrosion will be Independent of the rate of circulation of the working fluid. Howev 


if the second mechanism is controlling, the hydrodynamic conditions can have a more 
pronounced effect on corrosion rates. Thus, if the flow rate is such that diffusion 
will not occur against it, the solution will become saturated at the evaporator as the 
solvent continues to become vapor and solute particles will precipitate out. Normally , 




rate of solution; and thus failure will occur as a result of the destructioi: 
or the formation of a hole in the container wall. 



From the preceding discussions, it is obvious that extreme care must be 
exercised in order to minimize impurities in the manufacture of heat pipes. Even 
after compatible materials have been selected, one must normally be very careful to 
remove adsorbed and/or dissolved impurities which could cause problems once the 
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Another problem encountered, especially with sodium, is the presence of 
large amounts of hydrogen dissolved in the as-received metaL A rather straightforward 
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The discussions earlier in this chapter have indicated^some basic compat 
ibilit5^ considerations which must be taken into account in order to narrow down the 
list of fcandidate materials for use in a particular heat pipe design. However, it has 
been found through experience that many supposedly minor factors can profoundly 
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In the low temperature range (and possibly up to 700 C) the available data 
indicate that nearly urdimited operation can be obtained with a whole series of materials. 



Table M-3. Generalized Results of Experimental Compatibility Tests 
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